We report a transport study of ultrathin Bi 2 Se 3 topological insulators with thickness from one quintuple layer to six quintuple layers grown on sapphire by molecular beam epitaxy. At low temperatures, the film resistance increases logarithmically with decreasing temperature, revealing an insulating ground state. The insulating behavior becomes more pronounced in thinner films. The sharp increase of resistance with magnetic field, however, indicates the existence of weak antilocalization originated from the topological protection. We show that this unusual insulating ground state in the two-dimensional limit of topological insulators is induced by the combined effect of strong electron interaction and topological delocalization.
I. INTRODUCTION
Topological insulators (TI) are a new class of insulators with topologically nontrivial band structures originated from strong spin-orbit coupling (SOC). [1] [2] [3] The discovery of quantized spin Hall effect (QSHE) in two-dimensional (2D) TI 4,5 stimulated intensive search for new TI systems and associated novel phenomena. Recently, three-dimensional (3D) TIs have been predicted and experimentally verified in a series of compounds exemplified by Bi 1−x Sb x , 6,7 Bi 2 Se 3 , Bi 2 Te 3 , and Sb 2 Te 3 . 8, 9 These materials possess an insulating energy gap in the bulk and gapless surface state (SS) protected by time-reversal symmetry. The topologically protected SSs have been proposed to host a variety of exotic magnetoelectric phenomena including Majorana fermions, 10 magnetic monopole, 11 and quantized anomalous Hall effect. 12 Many unique features of the TI SSs, such as Dirac-like linear band dispersion, 8, 13, 14 chiral spin texture, 15 absence of backscattering, [16] [17] [18] and Landau level quantization, 19, 20 have been revealed by surface-sensitive probes including angleresolved photoemission spectroscopy (ARPES) and scanning tunneling microscopy (STM). The transport properties of the SSs, however, are often mixed with those from the bulk states because it is difficult to grow bulk insulating samples. This has been a main hurdle for realizing the proposed novel phenomena and applications of TIs. Reduction of bulk carriers has been achieved by doping or annealing [21] [22] [23] of bulk crystals and gate tuning of nanostructures. 24, 25 Fabricating ultrathin TI films represents another effective approach to reduce bulk conduction by enhancing the surface-to-volume ratio. This method also allows us to tune the coupling of the two surfaces to reach the 2D limit of TIs, [26] [27] [28] which has been proposed to exhibit QSHE 26 and enhanced thermoelectric performance. 29 The localization behavior in this regime also attracted tremendous interests because it belongs to the symplectic class with a topological term. [30] [31] [32] [33] [34] However, transport properties in the 2D regime of 3D TIs have not been experimentally investigated in a systematic manner.
Molecular beam epitaxy (MBE) has proved a powerful technique for fabricating high-quality ultrathin TI films down to a few quintuple layers (QLs). 28, 35 In this paper we report electrical transport studies on Bi 2 Se 3 films with precisely controlled layer thickness from 1 QL to 6 QLs. At sufficiently low temperatures, the film resistance shows a logarithmic divergence, indicating an insulating ground state. The weakfield magnetoresistance (MR), on the contrary, always shows a positive cusp characteristic of weak antilocalization (WAL). We propose that this unusual insulating ground state in the 2D limit of TIs is induced by the combined effect of strong electron interaction and topological delocalization. The relevance of electron interactions revealed here suggests that TIs may exhibit exotic many-body effects beyond the framework of single-particle band theory.
II. EXPERIMENTAL
The ultrathin Bi 2 Se 3 films studied here are grown on sapphire substrate by molecular beam epitaxy, as described in detail elsewhere. 36 The structure and thickness of the films are monitored in situ by reflection high-energy electron diffraction (RHEED). The quality of the sample can be seen from the STM image of a 4-QL film shown in Fig. 1(a) . Except for nanoscale 1-QL-high voids and plateaus, the film is atomically flat on macroscale. After the growth of a Bi 2 Se 3 film, 20 nm of highly insulating amorphous Se layer is deposited on top of it to prevent the film from direct exposure to air. Ti/Au electrodes are then deposited on the sample, forming millimeter-sized transport devices as schematically shown in Fig. 1(b) .
The longitudinal and transverse electrical transport properties of the Bi 2 Se 3 films are measured by using standard fourprobe ac lock-in method. The total 2D carrier density estimated from the Hall coefficient is n 2D = (3.5±0.5)×10 13 /cm 2 , which varies slightly with the film thickness. ARPES measurements on the same films reveal well-defined SSs with Fermi wave vector k F ∼ 0.1Å −1 . 36 The total SS carrier density can thus be calculated to be n 2D ∼ 3.2×10 13 for each surface). Therefore, the majority of the carriers come from the SSs, and the dominance of SS charge transport in this regime is justified. Figure 2 shows the 2D sheet resistance (R ᮀ ) vs temperature (T) for ultrathin Bi 2 Se 3 films with thicknesses d = 1 to 6 QLs. The 1-QL film is highly insulating with R ᮀ much larger than the quantum resistance h/e 2 . This is most likely due to the poor interface between the first Se layer and the sapphire substrate caused by the large lattice mismatch. As d is increased to 2 QLs, the R ᮀ value drops quickly to a fraction of h/e 2 , indicating much improved film quality. As d increases further, R ᮀ keeps dropping, mainly due to the enhanced electron mobility. The mobility at T = 2 K is estimated to be 31 cm 2 /V s for the 2-QL film and 350 cm 2 /V s for the 6-QL film. For all the films between 2 and 6 QLs, the R ᮀ vs T curves show metallic (with positive slopes) behavior at high temperatures. At sufficiently low temperatures, however, the R ᮀ reaches a minimum value and then increases with decreasing T, indicating the existence of an insulating ground state.
III. RESULTS AND DISCUSSION
To elucidate the origin of the resistance upturn at low T, we renormalize the temperature dependence of R ᮀ by the minimum resistance and display it in logarithmic scale in Fig. 3(a) . As indicated by the broken line, the R ᮀ of the 2-QL film increases logarithmically at low T. As the film thickness increases, the same behavior persists, although the slope of the logarithmic upturn keeps decreasing. Moreover, the T at which R ᮀ reaches the minimum, designated as T min hereafter, also decreases continuously as the film thickness increases. Both observations indicate that the insulating tendency is much stronger in thinner films. Figure 4 displays the normalized MR of different films measured at T = 1.5 K in a perpendicular magnetic field. The overall pattern of the MR curves evolves systematically with film thickness. In the 2-QL film, MR shows a steep increase at low field and starts to saturate at around 10 T. The magnitude of MR drops considerably in the 3-QL film, but the qualitative behavior remains the same. As d is further increased to above 4 QLs, the zero field cusp is still present, but confined to a progressively narrower field scale. In the high field regime the MR evolves into a parabolic H dependence. The parabolic contribution becomes larger in thicker films, reflecting the increased weight of bulk MR, which is known to be large, positive, and parabolic to H. The wiggles on the MR curves are not noises, but retraceable signals reminiscent of the conductance fluctuations found in Bi 2 Se 3 single crystals. 21 The sharp increase of weak-field MR has been observed in single crystals, 21 nanoribbons, 37 and thin films 24, 38 of TIs. The chiral spin structure of the topological SS breaks the spin-rotational symmetry. The localization thus belongs to the symplectic class and exhibits WAL. When an external magnetic field is applied perpendicular to the film, the WAL is suppressed by H, leading to a positive MR. The WAL behavior in TI is drastically different from that of conventional SOC materials, as will be discussed later. However, the MR is determined mainly by symmetry, thus can still be described by the Hikami-Larkin-Nagaoka (HLN) theory. 39 The HLN formula for weak-field conductance variation in the 2D limit is
Here l φ is the phase coherence length, ψ is the digamma function, and α is a coefficient equals to −1/2 in the symplectic case.
T (K) Fig. 5(a) are theoretical fits to the low field magnetoconductance (δσ ) of the 2-, 3-, 5-, and 6-QL films measured at T = 1.5 K. The HLN formula gives an excellent fit to all the curves, which demonstrates the existence of WAL in the 2D limit of TIs. One systematic trend revealed here is the larger field scales, hence the shorter phase coherence length, in thinner films. Although WAL has been observed in many materials with strong SOC, 40 the nontrivial topology of the TIs has dramatic consequence on its localization/delocalization behavior. The weak localization of 2D massless Dirac fermions has attracted tremendous interest since the discovery of graphene. Scaling analysis shows that the massless Dirac fermions cannot be localized when intervalley scattering is absent, hence will remain metallic in the presence of arbitrarily strong disorder. 30, 43 The underlying physical picture is that the Dirac fermions traveling along two time-reversed self-intersecting loops accumulate a π Berry phase, so backscattering is strictly prohibited due to the destructive quantum interference. This topological delocalization leads to a supermetallic "topological metal" phase fundamentally different from the WAL in conventional SOC system, which always becomes insulating when the disorder exceeds a critical level. 30 The localization property of graphene is complicated by the existence of intervalley scattering. [44] [45] [46] The surface of 3D TIs is a more ideal system to realize the "topological metal" phase because the SS has a single massless Dirac cone. The electronic ground state of the TI thin film is expected to exhibit the predicted supermetallic behavior. 30 However, our transport results shown above unambiguously demonstrate an insulating ground state in the 2D regime of TI. This represents We propose that the only possible explanation for this anomaly is the strong Coulomb interaction between electrons in the ultrathin TIs. As first realized by Altshuler and Aronov (AA), 47 the Coulomb repulsion in a 2D disordered metal is retarded due to the diffusive motion of charge carriers. Electron-electron interactions cannot be screened immediately and become strong and long-ranged. The enhanced interaction causes a suppression of electron density of state at the Fermi level and a logarithmic increase of resistivity with reducing T. In the Bi 2 Se 3 films studied here, the AA interaction effect and topological delocalization (TD) coexist and compete with each other. The total quantum correction to conductivity can be expressed as
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Here δσ T D represents the increase of conductivity by TD, and δσ AA represents the suppression of conductivity by electron interaction. The observation of an insulating state in ultrathin Bi 2 Se 3 suggests that the electron interaction effect dominates in the 2D limit of TIs.
The effect of electron interaction and TD on the mesoscopic transport properties of TIs has only been addressed recently, 29, 34 and a quantitative treatment is still lacking. The 2D regime of 3D TIs turns out to be particularly rich and complex due to the hybridization between the wave functions of the top and bottom surfaces. As shown by ARPES measurements, 28, 36 the coupling between the surfaces opens an energy gap at the Dirac point when the thickness of Bi 2 Se 3 is below 6 QLs, which is exactly the regime studied here. This coupling breaks the perfect topological protection of the SSs because now electrons can be scattered into the other surface (the situation is analogous to the intervalley scattering in graphene). A recent theory shows that in this regime the phase difference δφ between two opposite loops (or the Berry phase) can be expressed as δφ = 29 Here ε is the energy of the SS electrons relative to the Dirac point and f is the gap amplitude. Since the TD correction to conductance can be expressed as δσ T D /σ = -cosδφ, this suggests that the conductance enhancement is much weakened in thinner film with larger f . Using the ε and f values measured by ARPES on the same films studied here, 36 we found that δφ decreases from π in the 6-QL film to around 0.6π in the 2-QL film, which means the relative conductance increase δσ T D by TD is reduced from 100% in the 6-QL film to merely 30% in the 2-QL film. The weakened TD in thinner Bi 2 Se 3 films is a unique feature of the TIs in the 2D limit. In conventional SOC materials, the WAL effect usually becomes more pronounced as the system approaches the 2D regime due to the larger probability of forming self-intersecting loops.
The interaction effect, on the other hand, is enhanced in thinner films due to reduced dimensionality and increased disorder. Both effects lead to poorer screening, hence stronger Coulomb interaction between electrons. The shorter phase coherence length in thinner films [ Fig. 5(b) ] may partly be due to larger electron-electron scattering rate. The combined effect of enhanced interaction strength and weakened TD gives a qualitative explanation of the stronger insulating property in thinner films.
The electron interaction effect also manifests itself in the field dependence of conductivity. In the AA interaction mechanism, spin splitting by external field leads to a decrease of conductivity with H. For h = gμ B H/k B T 1, that is, Zeeman splitting much larger than thermal activation, δσ AA has a logarithmic H dependence:
whereF σ is a number characteristic of the Coulomb interaction. Unlike the δσ (H) from WAL, which is an orbital effect only sensitive to perpendicular magnetic field, δσ AA (H) is isotropic to H. Figure 6 shows the δσ measured for H parallel to the 3-QL film (red), which has a sizable variation exclusively coming from the spin splitting δσ AA (H) term. For H > 4 T, δσ indeed has a logH dependence, as indicated by the broken line. The fit using the AA formula givesF σ = 0.74, a reasonable value for a 2D interacting system which is expected to haveF σ ∼ 1. 48 The existence of electron interactions in the ultrathin TIs is thus confirmed.
Recently, the effect of electron interactions on the localization behavior of the SSs of 3D TIs has been investigated theoretically. 34 It is found that the disordered SS is a supermetal in the absence of electron interaction, but becomes an insulator via a quantum critical point when electron interaction is sufficiently strong. 34 Our transport results on ultrathin Bi 2 Se 3 are qualitatively consistent with this picture, although the predicted quantum critical behavior has yet to be verified.
IV. CONCLUSION
In summary, we have performed systematic transport studies on ultrathin Bi 2 Se 3 topological insulator films. Contrary to the topologically protected supermetal phase predicted by the single-particle scaling theory, the ground state of these ultrathin TIs is found to be insulating. We propose that this unusual insulating behavior is induced by electron-electron interactions in the presence of disorders, which is corroborated by the logarithmic variation of magnetoconductance in parallel magnetic fields. The stronger insulating properties in thinner films can be explained qualitatively by the combined effect of stronger electron interaction and weakened topological protection in the 2D regime of TIs. These results suggest that TIs in the 2D limit are intrinsically quantum many-body systems. The strong electron interactions in a topologically nontrivial 2D electron system may give rise to a wealth of new phenomena that were not captured in the single-particle band theory, which has been used predominantly in previous studies of TIs.
